The concentrations, possible sources and cancer risks of polycyclic aromatic hydrocarbons (PAHs) in fine particulate matter (PM 2.5 ), total suspended particles (TSP) and surface soils collected from the same sampling spots were analysed in Kunming, China. The total PAH concentrations in PM 2.5 , TSP and surface soil were 7.44-25.64 ng/m 3 , 17.73-48.35 ng/m 3 and 72.16-442.40 ng/g dry weight, respectively. Pyrogenic origins (especially coal, wood and fossil fuel combustion) were identified as the main sources of PAHs in particulate matter (PM) and surface soils based on the diagnostic ratios and principal component analysis (PCA). The values of incremental lifetime cancer risk (ILCRs) that exposed to PAHs in PM 2.5 were slightly larger than 10 -4 , indicating high potential of carcinogenic risk. And the values of ILCRs showed that particle-bound PAHs with higher potential carcinogenic ability than soil PAHs. Moreover, compared with adults, the values of cancer risk among children were always higher.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a large group of semi-volatile organic contaminants with two or more fused rings, which ubiquitously distribute in the environment. The most common sources of PAHs are incomplete combustion of fuels (coal, oil, wood etc.) , vehicular emissions, food cooking and aerosolised street dust particles (Kim et al., 2013) . Apart from above mentioned anthropogenic sources, forest fires and volcanic eruptions can also contribute to natural processes of PAHs. An increasing concern in toxic properties of PAHs exposure has been widely noticed because of their potential carcinogens, mutagens and teratogens that result in a serious threat of human health (Bostrom et al., 2002) . Furthermore, high molecular weight (HMW) PAHs, with higher carcinogenic properties, are associated with several pathologies including acute health effects, adverse birth outcomes and higher levels of risk for lung cancer (Wilhelm et al., 2011) .
PAHs are widely found in ambient air, soil and water. They can be present as gaseous and adsorbed to particulate matter (PM) in the atmosphere, depending on the weather conditions and the physical-chemical properties of each individual hydrocarbon. It is proved that PAHs are mainly found on small size particles due to their affinity to PM carbonaceous core (Mesquita et al., 2014) . In addition, the potential carcinogenicity seems closely correlated with HMW PAHs that dominantly found in PM 2.5 rather than low molecular weight (LMW) PAHs generally as vapor in the troposphere . Several previous reports showed particle-bound PAHs are considered to be a significant hazardous substance for human health through inhalation. For example, Ohura et al. (2004) reported that human exposure to PM 2.5 associated with heavy metals and PAHs is more harmful than coarse particle. Besides, researchers indicated that the PM 2.5 accounts for 40-56% of the TSP and more than 80% of the PAHs are highly related to the PM 2.5 (Kim et al., 2014) . Except for direct inhalation of particle-phase PAHs, human exposure to PAHs via direct contact with polluted soil and dietary intake of polluted food stuff is also well considered (Abdullah, 1995) . Atmospheric PAHs can transfer to the soils via drydeposition of aerosols, wet deposition (Cousins et al., 1999) , and it is the most common source of PAHs in soil. Low temperature and increasing wet and dry deposition can result in an increased tendency for the partition from the atmosphere to soils. Once deposited on soils, HMW PAHs tend to accumulate in the soil for a long time and the soil acts as a sink for these pollutants (Wang et al., 2014a) . Therefore, PM and soils are good indicators of PAHs pollution.
With rapid urbanisation and industrialisation, environmental pollution has been received increased attention in Kunming. More importantly, Kunming is located in a region where the climate is moderate throughout the year (especially average temperature was 10.7°C in winter, 2014). Topographically, the south of Kunming city is Dianchi Lake, and the other three directions surrounded by mountains. Thus, the pollutants are difficult to spread outward. It is significance to notice the pollution characteristics of PAHs in this city. Earlier papers on the results of PAHs in Kunming were focused on TSP and surface soils, showed that PAHs were detected both in TSP and surface soils (Lin et al., 2013; Yang et al., 2015) . However, there is a lack of data documenting PM 2.5 -bound PAHs in Kunming, which can better understand the fate of PAHs pollution and assess the potential human health risks.
In this study, PAHs in PM and surface soils collected from the same sampling spots were investigated. The aims of the present study were; 1 to research the concentrations and possible sources of PAHs in PM 2.5 , TSP and surface soils 2 to compare the concentrations and possible sources of PAHs in PM 2.5 , TSP and surface soils 3 to assess the potential human health risks posed by carcinogenic PAHs. Note: The abbreviations of sampling sites are same as shown in Table 1 .
Materials and methods

Sampling sites
Sample Collection
All the glass fibre filters (220*200 mm) were preheated for 4 h at 450°C before elimination of the organic contaminants from samples, and then they were weighed on an electronic balance (± 0.1 mg precision, Denver, USA). 24 samples were collected during March 2014 (Table 1 ). The PM 2.5 and TSP were collected from different samples simultaneously. They were intercepted for 24 h on filters separately using a high-volume sampler (1.05 m 3 /min, KC-1000, Qingdao Laoshan Applied Technology Research Institute, China) equipped with a cutting head for 2.5 μm particle sizes. And the surface soil samples were also collected from the same sampling sites of PM 2.5 and TSP. Each surface soil sample collected manually from surface (0-5 cm depth) was a composite sample mixed by five sub-samples collecting from a 100 m 2 area. After finished, all samples were kept cool with ice bags during transport to the laboratory, then stored in a freezer (-34°C) until analysis.
Sample pre-treatment and analysis
The daily samples collected at each site were extracted and processed separately, and they were extracted cumulatively and a single value was obtained for each site. Details of the analysis of PAHs have been described previously (Lin et al., 2013; Yang et al., 2015) . Before analysis, the filters and surface soils were lyophilised for 72 h using an Eyela FDU-1200 freeze drier (Tokyo, Japan). Afterwards, the filters were weighted to calculate the total amount of collected PM 2.5 and TSP that were cut into pieces. The dry surface soils were passed through the sieve (bore diameter = 0.2 mm) and weighed 5 g. All samples were spiked with PAH surrogate standard (phenanthrene-d 10 ) (99.9%, Supelco, USA) and put in the middle of diatomite in 22 mL extraction cell, and then extracted with a mixture of hexane/acetone (1:1, v/v) by an Accelerated Solvent Extractor (ASE-350, Dionex, USA). The extraction temperature for chippy filters and soils were 60°C and 100°C, respectively. And all samples were statically extracted for 5 min at 1,500 psi with flush percentage of 60% in the extraction cell. The extraction was carried out in one cycle, and the extracts were concentrated to 1.0 mL by nitrogen evaporator, followed by gel permeation chromatography (J2 Scientific, USA). Gel permeation chromatography was used to remove protein, lipid in the surface soils samples. The effluents of 11-25 min were collected to pass through a solid phase extraction cartridge (C-18) (500 mg, Waters, USA), and eluted with 15 mL dichloromethane. The eluents were blown dry by a gentle stream of nitrogen, after that perylene-d 12 (99.3%; Supelco, USA) was spiked into the samples as internal standard.
The identification and quantification of these compounds were performed on a trace gas chromatograph (Thermo Fisher Scientific, USA), equipped with a Trace DSQ quadruple mass spectrometer, an auto-sampler TriPlus AS and a DB-5 MS capillary column (30 m × 0.25 mm i.d. with 0.25 pm film thicknesses, Agilent, USA). The oven temperature program was designed as follows: initial temperature of 90°C for 1 min, raised at 20°C/min to 200°C, then increased to 210°C at 3°C/min, followed by 4°C/min to 250 °C, finally to 290 °C at the rate of 2 °C/min, and held for 10 min. Fifteen PAHs were analysed, which containing acenaphthene (ACE), acenaphthylene (ACY), fluorene BghiP) . In this study, the limit of detection (LOD) for 15 PAHs ranged from 0.01 ng/m 3 to 0.21 ng/m 3 in PM samples, and from 0.49 ng/g to 0.85 ng/g in surface soil samples. The recoveries of individual PAHs in spiked filters and soils (1,000 ng) ranged from 50.84% to 104.02% for filters and from 68.43% to 98.77% for surface soils. And the relative standard deviations (RSDs) (n = 3) of particles and surface soils were 3.31-11.43% and 1.91-10.52%, respectively.
Risk assessment
The benzo[a]pyrene-equivalent concentration (BaPeq) was calculated using toxic equivalency factors (TEFs), which is an index that has been introduced for better parameterising aerosol carcinogenicity related to the whole PAH fraction instead of just benzo[a]pyrene (Cecinato et al., 1998) . And TEFs for ACE, ACY, FLO, PHE, ANT, FLA, PYR, BaA, CHR, BbF, BkF, BaP, DaA, IcdP and BghiP are 0.001, 0.001, 0.001, 0.001, 0.01, 0.001, 0.001, 0.1, 0.01, 0.1, 0.1, 1, 1, 0.1 and 0.01, respectively (Nisbet and LaGoy, 1992) . BaPeq was calculated using the following equation:
( )
where PAH i is the concentrations of PAH and TEF i is the corresponding toxic equivalency factor. US Environmental protection Agency (EPA) presents quantitative models to evaluate the exposure risk of environmental PAHs, which was quantified based on incremental lifetime cancer risk (ILCR) models (U.S. EPA, 1991b).
The major exposure pathways for atmospheric PAHs are the intake from inhalation of particulates and dermal contact (Liao and Chiang, 2006) . The ILCR for particulate-bound PAHs were calculated using following equations:
where C Dermal is the particle-bound BaP eq concentration (μg/g), and C Inhaiation is BaP eq concentrations (ng/m 3 ). Other parameters referred in the equation (2, 3) are presented in Table 2 .
The relevant exposure pathways for soil PAHs over the entire lifetime of human beings include direct ingestion, inhalation and dermal absorption. The ILCR for soil PAHs were calculated using following equations:
Table 2 Parameters used in the equations (2), (3), (4), (5) and (6) Exposure Table A1 ). The values measured in this study were lower than the domestic northern cities, such as Beijing, Xi'an, and Harbin. Similarly, the highest concentrations of PAHs in winter were found in these cities, showing a prominent seasonal variation . It might be attributed to the frequent coal combustion for winter heating and reduced photochemical degradation (Esen et al., 2008) . In addition, wind speed, wind direction, relative humidity, and temperature may also affect the occurrence of PAHs (Wang et al., 2016) . The PM 2.5 -bound PAHs data from this study were also lower than those in Chengdu, in which is located in Southwestern China. The differences between Chengdu and Kunming may account for steady weather conditions and specific topography of Sichuan Basin (Li et al., 2015) .While compared to the coastal cities which locate at the southern of China, such as Hong Kong, Guangzhou, and Xiamen. PAHs concentrations in Kunming were similar with or even higher than them. Three factors may contribute to this trend. Firstly, because the peculiar climate of Kunming: dry season (November-April) with absence of rainfall and rainy season (May-October) comprises of 81-93% of annual rainfall. A dry weather might lead to the accumulation and maintenance of pollutants in the air (Wang et al., 2016) . Moreover, the incomplete combustion of fuels was more frequent in Kunming because of higher altitude and lower atmospheric oxygen content than that in low-altitude areas. Finally, the pollutants are difficult to spread outward due to mountain effect in Kunming.
The concentrations of individual PAH (ng of PAHs g -1 soil), EPAH in surface soils are summarised in Table 4 Table A1 ), the pollution level of PAHs in Kunming was relatively lower. This may be due to the industrialisations, populations, or traffics of these cities are higher than Kunming.
Profiles of PAHs
The profiles of PAHs in PM 2.5 , TSP, surface soils are represented in Figure 2 and Appendix, Figure A1 . In PM 2.5 samples, FLA (26.42%) was the most abundant compound at all sites, followed by BbF (14.13%), PYR (13.99%), CHR (13.97%) and PHE (8.12%). A similar pattern was found in TSP samples, with FLA (24.09%) accounting for highest percentage of EPAHs concentrations, followed by BbF (14.14%), PYR (13.25%), CHR (12.68%) and PHE (10.74%). Similarly, FLA (13.85%) was the most abundant compound in surface soil samples, followed by PYR (13.77%), PHE (12.85%), CHR (11.61%), ANT (8.87%) and BbF (7.86%). FLA, PYR, CHR, PHE and BbF were the abundant compounds both in PM and surface soil samples, which was similar with earlier paper on the profiles of PAHs in Kunming (Lin et al., 2013; Yang et al., 2015; Zhao et al., 2014) . Obviously, the proportions of FLA absorbed in all measured samples were relatively higher than that of other compounds. Several studies found that high FLA concentration of the total PAHs is particularly related to intense vegetation fires (Wilcke, 2007) . Accordingly, it may be responsible to frequently occurred forest fire resulting from the dry condition or the activities of grave worship . 
Note: The abbreviations of sampling sites and PAH compounds are same as shown in Table 1 and Table 3 , respectively.
The 15 US EPA PAHs were grouped into 3-ring (ACE, ACY, FLO, PHE and ANT), 4-ring (FLA, PYR, BaA and CHR), 5-ring (BbF, BkF, BaP and IcdP) and 6-ring (DaA and BghiP). The total PAH were dominated by HMW PAHs (4-rings, 5-rings, 6-rings PAH compounds) all in PM 2.5 , TSP and surface soil samples, and their proportion were 5.21, 4.15 and 2.54 times higher than low molecular weight (LMW) PAHs (3-rings PAH compounds), respectively. The observed results could be explained by that HMW PAH compounds are more recalcitrant and less bioavailable in the environment than LMW PAHs (Cerniglia, 1992) , and loss of LMW PAHs to degradation and photolysis result in a HMW PAH-dominated profile.
Source identification
Individual PAH ratios
Ratios of PAH isomers are frequently utilised as diagnostic tools to distinguish the sources of ambient PAHs in air and soils (Harrison et al., 1996; Yunker et al., 2002) . In most cases, the ratios of fluoranthene to fluoranthene plus pyrene (FLA/(FLA + PYR)) being less than 0.4 indicate petroleum input; while the ratios between 0.4 and 0.5 suggest fossil fuel combustion, and the ratios greater than 0.5 imply grass, wood or coal combustion (Roberto et al., 2009 ). In addition, the ratios of anthracene to phenanthrene plus anthracene (ANT/(ANT + PHE)) less than 0.1 usually indicate petrogenic input; and a ratio greater than 0.1 points to a dominance of combustion . The results performed ANT/(ANT + PHE) and FLA/(FLA + PYR) are showed in Figure 3 , suggesting that pyrogenic processes basically dominated all of the particulate and soil associated PAHs in Kunming. Thus, vehicle emissions, stationary sources (industrial/coal/gas emission) were most likely to be the major sources of PHAs contamination. However, the diagnostic ratios should be used with caution as their values that discriminate between some sources may change during the environmental fate of these compounds (Tobiszewski and Namiesnik, 2012) . Therefore, it is not convincing to estimate PAHs emission profiles for suspected emission sources present in the ambient condition. 
Principal component analysis
Apart from the diagnostic ratios, PCA is also employed in an attempt to determine the possible sources of PAHs (Esen et al., 2008) . The primary function of this analysis is the reduction of the number of variables while retaining the original information as much as possible. The PCA was applied to the data using software SPSS, and 15 variables were used in the PCA. Factor loadings were higher than 0.5 indicated that the variables can be used to identify source categories. In this study, factors were selected based on the criteria of eigenvalues over 1.0. The results of PCA in PM 2.5 , TSP, surface soil samples are presented in Table 5 and Appendix, Figure A2 . In PM 2.5 samples, the PCA-determined factors accounting for 81.73% of the total data factors. The first factor accounting for 45.79% of the total variance was highly loaded on FLO (0.902), PYR (0.891), CHR (0.811), along with moderate load on BbF (0.749), FLA (0.611) and BaA (0.610). The results were major ones with the major contribution might be vehicular emission and stationary emission (Guo et al., 2003; Kulkarni and Venkataraman, 2000) . Factor 2, with 20.11% of the total variance, was loaded on PHE (0.941), BkF (0.862), BaA (0.670) and was identified as coal combustion (Wang et al., 2014b) . Factor 3 explained 15.83% of the total variance, was loaded on IcdP (0.728) and BaP (0.671). Mohanraj et al. (2011) reported that emissions from diesel combustion are probable sources of FLA, IcdP and BbF. Therefore, the three factors reflected the characters of diesel emission and stationary combustion in PM 2.5 samples. In TSP samples, the PCA-determined factors accounted for 80.04% of the total data factors. The first factor explained 46.51% of the total variance, and was highly loaded on BaA (0.933), CHR (0.893), ANT (0.809), PHE (0.740), which were considered to be the tracers of coal combustion (Dong and Lee, 2009; Khalili et al., 1995) . The second factor was responsible for 20.67% of the total variance, which was weight in BghiP (0.934), ACY (0.832), ACE (0.758), BaP (0.696), DaA (0.684). ACE has no specific source meaning among these compounds . Whereas, ACY and HMW PAH compounds were related to vehicular emission (Simcik et al., 1999) . The third factor explained 12.86% of the total variance and had highly loaded on IcdP (0.878), FLA (0.791) and BbF (0.726), suggesting the indicator of diesel combustion. Three factors represented vehicular emissions (especially diesel powered vehicles), coal combustion were the main sources of PAHs in TSP.
In surface soil samples, three factors accounted for 83.94% of the total data factors. The first factor, accounted for total variance of 51.97%, had high loading for FLA (0.836), BaP (0.819), ACY (0.759), BbF (0.707). Larsen and Baker (2003) suggested that FLA, BaP and BbF are markers of fossil fuel combustion. PC2 contributing 19.07%, had high loading for BaA (0.944), BkF (0.863) and PHE (0.824) and the sources were similar to the results found in PM 2.5 samples. The third factor explained 12.90% of the total variance with a high loading for ANT (0.806) and FLO (0.686) . ANT represented sources of coal combustion (Zhang and Tao, 2008) , FLO might be the tracer of coke oven source (Simcik et al., 1999) . Whereas, Guo et al. (2003) also include BaP, BbF and BaA as source markers of gasoline emission. Therefore, the three factors reflected the characters of fossil fuel combustion (especially coal combustion) and gasoline emission in surface soil samples.
Consequently, the individual PAH ratios and PCA identified that the pyrogenic origins (vehicle emissions, coal and wood combustion) were the main sources of PAHs in Kunming, which were similar to the results from PAH diagnostic ratio. It also suggested that PAHs in the PM and surface soils might have similar patterns of source emissions, and the PAHs sources had little changes over the past few years (Lin et al., 2013; Yang et al., 2015; Zhao et al., 2014) .
Health risk assessment
BaP is often used as an indicator for the whole PAH carcinogenicity (WHO, 1987) . BaPeq for the PM 2.5 and TSP were 0.41-1.54 ng/m 3 and 0.83-2.92 ng/m 3 , and BaP (29.46% for PM 2.5 , 21.85% for TSP), DaA (28.69% for PM 2.5 , 32.26% for TSP), BbF (22.27% for PM 2.5 , 23.18% for TSP) and BaA (9.37% for PM 2.5 , 11.33% for TSP) were major contributors to the total carcinogenic potential of the PAHs. In addition, the ratios of BaPeq in PM 2.5 and TSP ranged from 0.35 to 0.57, suggesting that higher carcinogenic/mutagenic PAHs mainly existed in fine particulates. Similarly, the values of BaPeq for the surface soils were 9.15-29.61 ng/g d.w., and BaP (44.05%), DaA (23.70%), BbF (10.51%), BaA (10.33%) accounted for the most proportion to the total carcinogenic potential of the PAHs. Therefore, the proportion of BaP, DaA, BbF, BaA accounted for more than 80% of the total BaPeq. That was largely due to their high carcinogenic potential and high concentration. Therefore, more attention should be paid to these compounds to reduce the potential risk for human health.
In order to obtain a more accurate health risk assessment of human exposure to PAHs, the exposure pathways of inhalation, dermal and ingestion were taken in account in this study. The results of cancer risk are listed in Table 6 and Table 7 . Under most regulatory programs, an ILCR of less than 10 -6 denotes virtual safety, and an ILCR of higher than 10 -4 indicates a high risk (Peng et al., 2011) . The order of magnitude of ILCR exposed by inhalation and dermal was 10 -5 for TSP, indicating potential risk for people. And the ILCR slightly exceeded 10 -4 for PM 2.5 samples, which demonstrated that a high risk would occur for people. However, PAHs in surface soils were virtual safety (from 10 -8 to 10 -7
). The values of ILCR showed that cancer risk exposed to particulate PAHs was 104 times higher than to soil PAHs, indicating that particulate PAHs had higher carcinogenic for human. The values of ILCR for children were higher than for adults indicated that children were sensitive to carcinogenic effects of PAHs, which could be explained by their early developed organ, nervous and immune system (Maertens et al., 2008) . Besides, the lower body weight of children also contributes to the greater PAHs intake (Wang et al., 2011) . In surface soil samples, compared with human, children exposure to PAHs through ingestion was relatively higher. Because young children are extensive hand-to-mouth activity, whereby contaminated dust can be readily ingested (Meza-Figueroa et al., 2007) . However, the risk value of inhalation in particulate PAHs for adult was significantly higher than the corresponding risk of inhalation for children. It may be associated with higher inhalation rate of adult, and more particles could enter the body through inhalation . It also must be noted that the dermal contact was the main route of PAHs exposure that contributed to cancer risks from all collected samples.
Conclusions
Ambient PAHs concentrations measured were significantly lower than those in Northern Chinese cities where the heaviest pollutions occur in winter. Besides, PAHs concentrations varied with seasons that also observed in southern China, which indicating remarkable seasonal difference. Unfortunately, there is little research that focuses on the seasonal variation of PAH in particulate in Kunming. In addition, long-rang transport and relative humidity are also needed to be evaluated the effects for PAHs contamination in the future study. The diagnostic ratios and PCA identified that the pyrogenic origins were the main sources of PAHs in PM and surface soils, especially coal, liquid fossil fuel and diesel combustion. This result was consistent with our previous results and manifested the PAHs sources had little changes over the past few years. The analytical results showed that the HMW PAHs dominate the total fraction both in PM and surface soils. These compounds are highly related to carcinogenic and mutagenic properties. Nevertheless, the concentration of indicative PAHs such as BaP was found lower than its proposed maximum value (1 ng/m 3 ) in Kunming, but the health risk cannot be ignored. The values of ILCR revealed that exposure to higher levels of PAHs found in particulate yielded risks to human that could be higher than 10 -5
. The most sensitive subpopulation was young children according to our study. The dermal contact contributed a greatest proportion to the overall exposure. 
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